Growth mechanisms of crystalline tantalum nitride (TaN) films have been studied on silicon substrates using a pulsed Nd:YAG laser deposition method. Experimental results show that the properties of the TaN films strongly depend on the substrate temperatures and nitrogen gas pressures. This suggests that both the phase reaction in the plasma plume and the surface reaction on the substrate are important for preparing crystalline TaN films.
Introduction
Tantalum nitride (TaN) is a promising material for application in silicon technology and is attracting interest due to its properties such as superhardness, good wear resistance, chemical inertness and high temperature stability. 1, 2) In silicon technology, copper (Cu) has attracted considerable attention recently as a new interconnecting material for deep submicron integrated circuits as a replacement for aluminum (Al) and its alloys. However, Cu is known to diffuse into either Si or SiO 2 layers during processing; this problem is addressed by employing a suitable diffusion barrier layer between the copper overlayer and the silicon substrate. Considering this requirement, TaN and Ta 2 N compounds have been investigated and found to be promising materials to serve as diffusion barrier layers because TaN-based materials can withstand high temperatures. [3] [4] [5] [6] Because of these properties, TaN films can be deposited by several methods such as reactive sputtering, [1] [2] [3] magnetron sputtering, 4) triode sputtering, 5) ion-beam-assisted deposition 6) and chemical vapor deposition techniques. 7) However, high-quality TaN films which can serve as diffusion barrier layers have not yet been prepared.
The pulsed Nd:YAG laser deposition (PLD) method is a widely used technique for depositing thin films due to its advantages of simple system setup, wide range of deposition conditions, wide choice of materials and high instantaneous deposition rate. Because of this versatility, several kinds of functional thin films have been developed, such as tungsten carbide, 8, 9) silicon carbide, 10) chromium carbide, 11) cubic boron nitride, 12) carbon nitride 13) and silicon nitride 14) using the PLD method. In this paper, we describe the fundamental characteristics of the TaN x films prepared using the PLD method as well as the conditions required to fabricate crystalline and amorphous tantalum nitride thin films.
Experimental
The schematic of the experimental apparatus is shown in Fig. 1 . A deposition chamber was fabricated of stainless steel with a diameter of 400 mm and a length of 370 mm. The chamber was evacuated to a base pressure (below 4.0 × 10 −4 Pa) using a turbo-molecular pump and a rotary pump. The gas pressure was varied from the base pressure to 10 Pa by feeding pure nitrogen (N 2 ) gas into the chamber. A pulsed Nd:YAG laser (Lumonics YM600; wavelength of 532 nm, pulse duration of 6.5 ns, maximum output energy of 340 mJ) was used to irradiate hexagonal Ta 2 N (hTa 6 N 2.57 : purity ≥99.5%) targets. The radiated area was kept to 2.8 mm 2 . The laser energy density (E d ) was fixed at 3.8 J/cm 2 . The targets were rotated at 20 rpm to avoid pitting during deposition.
The Si(100) substrates were cleaned using an ultrasonic agitator in repeated baths of ethanol and then rinsed in highpurity deionized water prior to loading into the deposition chamber. The substrates were located at a distance of 60 mm from the facing target and were heated to ∼750
• C using an IR lamp. After 18000 laser pulses at a 10 Hz repetition rate, the deposition process was completed. Details of the preparation conditions of tantalum nitride thin films are given in Table I . The surface morphology was observed using a field-emission scanning electron microscope (FE-SEM; JEOL JSM-6300F) and an atomic force microscope (AFM; SII, SPI3800N). The film thickness measured by a-step (UL-VAC JAPAN: VWKTAK3) was about 75 nm and the deposition rate was 2.5 nm/min. The composition of the TaN x films was measured by an electron spectroscope for chemical analysis (ESCA; Shimadzu ESCA-750M). The crystalline structure and crystallographic orientation of the films were characterized by glancing-angle X-ray diffraction (GXRD; PHILIPS PW1350) using CuKα radiation where the angle of incidence was kept at 1.0
• . 
Results and Discussion
Detailed glancing-angle X-ray diffraction (GXRD) measurements were conducted to study the crystalline properties of the deposited tantalum nitride films. Figures 2(a)-2(h) show the GXRD patterns of the films prepared by the PLD method as the parameter of substrate temperature (T s ). The film deposited at T s = R.T. is amorphous, because no peak is observed in Fig. 2(a) . When the substrate temperature is increased to 200-600
• C, several indistinct peaks appear around the scattering angle of 30-40
• as shown in Figs. 2(b)-2(f). When the temperature is increased to 700
• C, distinct peaks of hexagonal Ta 6 N 2.57 (hTa 6 N 2.57 )(110) (002) (111) and (300) appear, as shown in Fig. 2(g ). This GXRD pattern is consistent with that of a reference target pellet of hTa 6 N 2.57 .
To estimate the crystallinity grade of the prepared films in detail, the crystalline grain size was determined from the full width half maximum (FWHM) of the X-ray peaks using the equation:
where λ is the wavelength of the incident radiation and θ is the Bragg's angle. This equation could be applied to the result of the θ -2θ scan. Therefore, we also measured XRD patterns for the same films using the θ -2θ scan. The grain size obtained using Scherrers formula from the FWHM of the θ -2θ scan of hTa 6 N 2.57 (111) diffraction peak is shown in Fig. 3 . The grain size increases with increasing T s as shown in Fig. 3 . This result suggests that the substrate temperature is one of the most important parameters in the fabrication of crystalline tantalum nitride film and that the crystalline grain size of the film increases with increasing T s . Figure 4 shows the GXRD patterns of the films prepared by the PLD method as a function of nitrogen gas pressure (P N2 ). As shown in Fig. 4 , GXRD pattern shows a complicated change with changing P N2 . Figure 4(a) shows the GXRD pattern of the film deposited at base pressure (P = 4 × 10 −4 Pa). Several distinct peaks of hTa 6 N 2.57 (110) (111) (112) and (300) appear. When the nitrogen gas pressure is increased to P N2 = 1 × 10 −3 Pa, the peak of hTa 6 N 2.57 (110) decreased and peaks of hexagonal TaN(hTaN)(110) and hexagonal TaN 0.8 (hTaN)(001) appear, as shown in Fig. 4(b) . When the nitrogen gas pressure is increased to P N2 = 1 Pa, hTa 6 N 2.57 (111) decreases as shown in Fig. 4(d) . In addition, the peak of hTaN (110) (200) is the strongest in Fig. 4(e) and the peak of cTaN(111) is the strongest in Fig. 4(f) .
The surface morphology of the TaN x thin films on Si (100) substrates was examined using FE-SEM and AFM. • C measured by FE-SEM. The surface of the film prepared using PLD is smooth and pinholefree, although there are several clusters of which size is 0.05-0.5 µm. The cluster size on the substrate increases with increasing substrate temperature. Figure 6 shows the surface morphology of the film prepared at T s = 750
• C measured by AFM. As shown in Fig. 6 , the film is very uniform and the mean roughness of the film is less than 10 nm independent of the substrate temperature and pressure. Figure 7 shows XPS spectra of (a) N1s and (b) Ta4d electron binding energies of TaN x films deposited at P = 4 × 10 −4 Pa. The film is composed of nitrogen (N) and tantalum (Ta), as shown in these figures. A broad peak can be observed close to the 402 eV N1s electron binding energy in Fig. 7(a) . The N1s electron binding energy corresponding to the measured peak positions in the spectra of the TaN film agree well with the reported data. 15) A chemical shift can be recognized in Fig. 7(b) . These results suggest that the Ta atoms have Ta-N bonds in the TaN x films prepared by the PLD method. Figure 8 shows the XPS depth profile of the film prepared at P = 4 × 10 −4 Pa. The N/(Ta + N) composition ratio of the TaN x film (deposited at P = 4 × 10 −4 Pa) is about 0.3. This result is consistent with that from XRD shown in Fig. 2 . The dependence of the N/(Ta + N) composition ratio of the film on the N 2 gas pressure is also measured, which is not shown here. The N/(Ta + N) composition ratio increases with increasing N 2 gas pressure. Based on the experimental results as mentioned above, we discuss the mechanism of preparing TaN thin films using PLD method. The N/(Ta + N) composition ratio increases and GXRD patterns change in a complex manner with increasing nitrogen gas pressure. These results may be due to the quality change of the prepared TaN films. Detailed mechanisms of the quality change cannot be explained, because sufficient experimental data such as reaction rate constant, collision cross section, surface reaction for tantalum atoms and TaN molecules are not available. However, these quality changes may be due to the phase reaction in the plasma plume and/or surface reactions on the substrate. In the phase reaction, collisions between tantalum atoms and nitrogen gas are dominant. Under the base pressure, the mean free pass of the species ablated from the target surface is much longer than the distance between the substrate and target, and collisions do not occur. On the other hand, the mean free pass decreases with increasing N 2 gas pressure, and the phase reactions may be increased. Therefore, film quality is dependent on the nitrogen gas pressure as mentioned above.
Conclusions
Growth mechanisms of the crystalline TaN films have been studied on silicon substrates using a pulsed Nd:YAG laser deposition method. Experimental results show that the surfaces of the prepared films are smooth and pinhole-free. The property of the film strongly depends on the substrate temperature and nitrogen gas pressure. This suggests that both the phase reaction in the plasma plume and the surface reaction on the substrate are important in the fabrication of crystalline TaN films.
